Capabilities for recording neural activity in behaving mammals have greatly expanded our understanding of brain function. Some of the most sophisticated approaches use light delivered by an implanted fiber-optic cable to optically excite genetically encoded calcium indicators and to record the resulting changes in fluorescence. Physical constraints induced by the cables and the bulk, size, and weight of the associated fixtures complicate studies on natural behaviors, including social interactions and movements in environments that include obstacles, housings, and other complex features. Here, we introduce a wireless, injectable fluorescence photometer that integrates a miniaturized light source and a photodetector on a flexible, needle-shaped polymer support, suitable for injection into the deep brain at sites of interest. The ultrathin geometry and compliant mechanics of these probes allow minimally invasive implantation and stable chronic operation. In vivo studies in freely moving animals demonstrate that this technology allows highfidelity recording of calcium fluorescence in the deep brain, with measurement characteristics that match or exceed those associated with fiber photometry systems. The resulting capabilities in optical recordings of neuronal dynamics in untethered, freely moving animals have potential for widespread applications in neuroscience research.
Capabilities for recording neural activity in behaving mammals have greatly expanded our understanding of brain function. Some of the most sophisticated approaches use light delivered by an implanted fiber-optic cable to optically excite genetically encoded calcium indicators and to record the resulting changes in fluorescence. Physical constraints induced by the cables and the bulk, size, and weight of the associated fixtures complicate studies on natural behaviors, including social interactions and movements in environments that include obstacles, housings, and other complex features.
Here, we introduce a wireless, injectable fluorescence photometer that integrates a miniaturized light source and a photodetector on a flexible, needle-shaped polymer support, suitable for injection into the deep brain at sites of interest. The ultrathin geometry and compliant mechanics of these probes allow minimally invasive implantation and stable chronic operation. In vivo studies in freely moving animals demonstrate that this technology allows highfidelity recording of calcium fluorescence in the deep brain, with measurement characteristics that match or exceed those associated with fiber photometry systems. The resulting capabilities in optical recordings of neuronal dynamics in untethered, freely moving animals have potential for widespread applications in neuroscience research.
neuroscience | photometry | optogenetics M onitoring neural dynamics with cellular, anatomical, and time-locked specificity in freely moving animals represents a critically important capability in elucidating connections between neuronal processes and behaviors, a goal of modern neuroscience research. Optical methods exploit genetically encoded calcium indicators (GECIs) (1-3) as fluorescence labels of cellular dynamics (4) (5) (6) (7) (8) (9) (10) (11) (12) . The advent of fiber photometry recording platforms provide some important capacity for performing such measurements in animals during behaviors (6, 7) associated with anxiety, social interactions (e.g., mating and fighting), and motor control (e.g., head motion, jumping, and wheel running). The required fiber-optic waveguides tend to impede movements, thereby restricting studies of natural behaviors. Motion artifacts that are often imposed upon the animals or introduced into the recorded signals must be carefully monitored. Furthermore, mismatches between the mechanical properties of the soft, compliant tissues of the brain and the hard, rigid fiber probes result in unavoidable tissue damage with potential for implant detachment (13, 14) .
Here, we present a compact, integrated wireless photometry system for deep-brain fluorescence recordings that avoids these disadvantages by leveraging concepts in injectable optoelectronic devices originally introduced in the context of optogenetics (15) (16) (17) . These platforms include an ultrathin, flexible, and lightweight injectable probe with active components for stimulating and recording fluorescence, interfaced to a detachable transponder, a control unit, and a miniature power supply for communication with an external receiver system. Such systems record and digitize fluorescence signals from a targeted area of the deep brain and broadcast the resulting signals wirelessly, thereby avoiding physical tethers and associated motion artifacts. Systematic experiments in multiple animal studies demonstrate capabilities for
Significance
Wireless systems for imaging/recording neuronal activity in untethered, freely behaving animals have broad relevance to neuroscience research. Here, we demonstrate a thin, flexible probe that combines light sources and photodetectors into a platform with submillimeter dimensions, capable of direct insertion into targeted regions of the deep brain. This system allows wireless stimulation and recording of fluorescence associated with genetically encoded calcium indicators, with unique capabilities in visualizing neuronal activity. Studies using unconstrained, freely moving animal models in two different behavioral assays demonstrate the robust, reliable operation of these devices and allow comparisons to traditional photometry systems based on fiber-optic tethers to external light sources and detectors.
monitoring neural activity in diverse behavioral assays that are widely used in neuroscience, including foot-shock tests and pharmacological stimulations, while detecting calcium dynamics in the basolateral amygdala (BLA), a deep-brain structure involved in emotional processing. The results provide proof-of-concept examples of the capture of neural activity with genetically defined spatiotemporal precision in targeted deep-brain regions in freely moving animals, with reduced displacement and damage to brain tissue compared with fiber photometry approaches. The combined advantages in size, weight, signal quality, chronic stability, multiplexed data collection, and ability to operate with untethered animals over large areas suggest the potential for broad applications in neuroscience research.
Results
Wireless Photometry System Design. Fig. 1A presents an exploded schematic illustration of the injectable photometry probe. This component of the system includes a microscale inorganic lightemitting diode (μ-ILED; 270 × 220 × 50 μm) and a related device for photodetection (μ-IPD; 100 × 100 × 5 μm) placed adjacent to one another (separation ∼ 10 μm; Fig. 1 B, Right and SI Appendix, Fig. S1 ) on a thin, narrow, and flexible polyimide (PI) substrate (thickness 75 μm). A narrow-band absorber (140 × 140 × 7 μm) photolithographically defined on top of the μ-IPD serves as an optical filter to block light from the μ-ILED and to pass photons at the wavelength of the fluorescence. Lithographically patterned metal films (total thickness ∼ 1 μm) serve as electrical interconnects. A coating (thickness ∼ 10 μm) of polydimethylsiloxane (PDMS) encapsulates the system (SI Appendix, Fig. S2 ). Detailed information on the fabrication steps appears in SI Appendix, Fig. S3 and Materials and Methods. Fig. 1B shows an optical image of a probe terminated in a flexible flat cable (FFC) connector (Left) and a colorized scanning electron microscope (SEM) image of the tip end (Right). Fig. 1 C, Upper and SI Appendix, Fig. S4 provide a schematic illustration of the overall multilayer layout and geometry of the μ-IPD (15) .
The injectable part of the probe has a maximum thickness of ∼150 μm (at the location of the μ-ILED), a width of ∼350 μm, and a length of ∼6 mm (adjustable to match the targeted anatomy). By comparison, state-of-the-art fiber photometry implants use multimode fibers with core diameters ranging from 200 to 400 μm and outer diameters from 230 to 480 μm (6, 7, (18) (19) (20) ; most reported studies use fibers with core diameters >400 μm. The injectable probes of Fig. 1B displace volumes of tissue that are comparable to those associated with the smallest photometry fibers (∼230-μm outer diameters) and at the same time offer performance comparable to the largest (400-μm core sizes), as discussed in detail later. The bending stiffness of the injectable probe is 6.48 × 10 −8 and 1.59 × 10 −8 N·m 2 along the width and thickness directions, respectively (21, 22) . These values are between two and three orders of magnitude lower than those of even the smallest fibers (1.00 × 10 −5 N·m 2 for a 230-μm outer diameter optical fiber, where the Young's modulus of the silica core is used for the outer layer). Such differences are important .] (G) Image of a freely moving mouse with a photometry system (1 wk after surgery). (Scale bar, 7 mm.) (H) Schematic illustration of the electrical operating principles of the system: Read out and control occur with a detachable wireless transponder that also facilitates signal amplification and digitalization. The signal is transmitted via an IR-LED with a modulation frequency of 38 kHz for single-transponder operation and an additional 56 kHz in dual-transponder operation. A receiver system demodulates the signal and sends the received data to a PC for data storage.
because decreases in bending stiffness reduce the tissue damage that can result from micromotions of the implanted probes relative to the brain tissue (13) . Fig. 1 D and E shows a schematic diagram of the layered architecture of the transponder and a picture of a transponder on a fingertip, respectively. SI Appendix, Fig. S5 presents an image of a cannula from a fiber photometry system for size comparison. Small outline resistors, capacitors, a low-power microcontroller (μC 4 × 4 mm) and amplifiers (1.42 × 1.42 mm), together with a low-power infrared (IR) wireless communication module, serve as the basis of a small, lightweight transponder. Fig. 1F shows a transponder, an injectable probe (Left), and their operation (Right). The probe and the entire system have masses of 29 mg and 0.5 g. By comparison, the masses of an optical cannula and a patch cord are 0.43 and 9.5 g, respectively (SI Appendix, Fig. S6 ). Other types of headmounted devices have considerably larger masses, typically >1 g (4, 5), than those reported here. An adult mouse can easily accommodate the probe and the transponder (Fig. 1G) , without any apparent change in behavior. The probe inserts easily into the brain, by using standard fixtures. The transponder is removable, such that it can be attached only when needed. Fig. 1H presents a schematic illustration of the electrical operation. A photovoltaic amplification scheme conditions signals from the μ-IPD (SI Appendix, Fig. S7 ). The μC (low-power smalloutline AtTiny84) on the transponder activates the μ-ILED and samples signals from the operational amplifier. An IR LED transmits data to a wireless receiver system via a 38-and 56-kHz modulated carrier frequency and amplitude key shifting. These two carrier frequencies are compatible with a wide range of commercial integrated receivers. False data packets as well as incomplete transfers are avoided with a checksum. A lightweight rechargeable polymer lithium ion battery provides power for up to 2 h of continuous operation at a sampling rate of 27 Hz. The removable design for the transponder and battery allows, via separate charging steps, behavioral studies that extend over long periods of time. The signal broadcast by the wireless transponder is captured by an independent automatic gain control, bandpass, and demodulator to yield digital signals that pass to a μC (ATmega328P) embedded in a custom circuit that includes a USB connection. This circuit decodes the signals, time-stamps the measurement, and sends them to a personal computer for evaluation.
Electrical and Optical Properties. Characterization studies of separate μ-IPDs and μ-ILEDs reveal the key operational properties of each component and illustrate their roles in the overall performance of the system (SI Appendix, Fig. S8 ). SI Appendix, Fig.  S9 shows the current vs. voltage characteristics of the μ-IPD and μ-ILED. The emission maximum wavelength is at 470 nm (SI Appendix, Fig. S10 ), well matched to the fluorescence excitation source for many GECIs, including GCaMP6 (3, 23) . The μ-IPD has a high external quantum efficiency (EQE) (maximum value of 88%) from 350 to 850 nm, with an EQE value of 44.4% at 512 nm after application of the thin-film optical filter, respectively ( Fig. 2A) . The filter absorbs photons from 465 to 490 nm (Fig. 2B) , with a rejection ratio of transmitted photons at 512 nm (maximum fluorescence emission wavelength of GCaMP6) to those at 470 nm of 98.6%, thereby minimizing the influence of the μ-ILED emission light on the measured signals ( Fig. 2A) . Given that most of the photons from the μ-ILED travel in a direction directly opposite to the μ-IPD, and the leakage through the filter only represents a small, largely timeindependent background, this rejection ratio is sufficient to do fluorescence microscopy, as confirmed by in vivo results in freely behaving animals discussed later. Selective detection of photons at other wavelengths (e.g., red) can be achieved simply by using alternative optical filters.
The thermal load on the brain tissue represents an important consideration for in vivo operation. Previous studies using injectable μ-ILEDs for optogenetics reveal that increases in temperature are only ∼0.2°C when the μ-ILED operates with an output power of 10 mW/mm 2 and a duty cycle of 20% (24) . For the photometry system, the μ-ILED operates at a much lower optical power (240 μW) with the same duty cycle of 20%; thus the thermal influence is minimal, as confirmed by simulation results where temperature increases are proportional to the blue light power (25) . Devices remain fully functional after being immersed in PBS at 37°C over 38 d. Accelerated tests show that the encapsulated probes survive (as determined by intermittent operation) for 4 and 10 d of immersion in PBS at 90°C and 75°C, respectively (SI Appendix, Fig. S11 ). These findings suggest lifetimes of ∼5 mo at 37°C in PBS solution, by using extrapolations based on the Arrhenius equation. SI Appendix, Fig.  S12 presents an image of a working device after implantation in the BLA area of mice for ∼2 mo.
The digital IR wireless data transmission scheme provides low-power operation (<15 mW during continuous sensing and broadcasting operation) with a small overall size (1 cm 2 lateral dimensions and thickness of 0.4 mm) and lightweight construction (0.5 g for the transponder, including battery). The system operates most efficiently in a line-of-sight mode, but it can also exploit indirect transmission achieved by reflection from objects in the surroundings. The robustness of the data connection can be illustrated by mapping the data rates with the transponder facing all cardinal directions in non-line-of-sight scenarios across a large (60 × 60 cm) open cage equipped with one sensor in each corner and with a closed nontransparent housing that is equipped with a single sensor. Data rates remain stable for all positions at ∼28 Hz with 12-bit packet size (336 bits per s) and transponder orientations, thereby demonstrating angle-independent operation for practical situations of interest to animal studies (SI Appendix, Fig. S13 ). A transparent analog to this test environment is displayed in Fig. 2C to highlight sensor position and system operation in such a scenario. Fig. 2D shows the receiver system paired with a standard home cage for a mouse. The hardware requirements here are significantly less cumbersome compared with those for fiber photometry systems (SI Appendix, Fig. S14 ).
An essential aspect of the technology is that it eliminates all external connecting electrical lines and fibers, and it bypasses conventional bulk optical instrumentation from fiber photometry. In addition to the removal of motion artifacts, this mode of operation allows concurrent recordings from multiple, freely moving animals simultaneously without risk for entanglement or animal manipulation of the interconnect lines. Here, a wireless injectable probe and a transponder unit with a unique broadcasting frequency can be applied to each animal in a population, thereby allowing study of complicated behavioral questions associated with social interactions. Fig. 2E presents in vitro recording results collected simultaneously from two separate wireless photometers over time, each operating at a different carrier frequency and modulation coding (38 kHz NEC and 56 kHz RC5) to ensure no cross-over loss. The demonstration involves use of an external green light source to stimulate both photodetectors temporally offset, showing uninterrupted data transmission with stable data rates during dual recordings. As expected, both μ-IPDs (red and gray traces in Fig. 2E ) exhibit stable baselines under ambient light and the same increase in analog-to-digital converter (ADC) values for illumination with a green LED above each probe for 1 s, which represents the fluorescence intensity after amplification. Fig. 2F shows an image of two freely moving mice with head-mounted wireless photometers enclosed by protective housings (0.3 g; SI Appendix, Figs. S6 and S14).
Fluorescence signals from intracellular calcium levels spanning values typical of neurons at rest (0.05-0.1 μM) and when stimulated (10 μM) (26) can be captured with a linearity in response (R 2 = 0.991) comparable to that of advanced fiber photometry platforms (R 2 = 0.995) when using Oregon Green 488
BAPTA-2 as the calcium indicator (Fig. 2G ). These results demonstrate that the overall changes in fluorescence associated with a normal range of functions of neurons fall into the measured dynamic range of both systems. Fig. 2H shows the fluctuations in measured fluorescence over time for the two systems. Here, differences in fluorescence recorded between an initial measurement and subsequent times in a 10 μM Ca 2+ solution (maximum Ca 2+ in vivo) define the baseline noise, or intrinsic fluctuations in the measurement. These values can be compared with the full-scale fluorescence dynamic range associated with solutions at concentrations of 0.1 μM (at rest) to 10 μM Ca 2+ (under stimulation), as defined by the difference between the highest recorded ADC value at 10 μM Ca 2+ and the lowest recorded ADC value at 0.1 μM Ca
2+
. When tested side by side, the wireless and fiber photometry platforms show comparable noise relative to dynamic range used to measure the in vitro Ca 2+ signals. When examining the noise closely, the noise in the fiber system appears to be largely of analog nature, while the signal of the wireless system is mostly limited by the ADC (12 bit). In addition, the autofluorescence from the PI substrate of the wireless system is orders of magnitude smaller in intensity than the fluorescence associated with the 0.1 μM Ca 2+ solution under the same excitation condition (488 nm laser; SI Appendix, Fig. S15 ). Since the μ-ILED emits light opposite to the PI substrate, the influence of the autofluorescence from the substrate on in vivo measurement is further minimized, confirmed by the low noise equivalent power (NEP) value of the wireless photometry system as discussed below.
Fig . 2I shows the recorded signals from a wireless photometer under controlled illumination with a green LED light source (maximum emission at 527 nm). The NEP of the wireless photometry system can be determined by reducing the intensity of the green light until the measurement yields a signal-to-noise ratio (SNR) of 1 at a frequency of 1 Hz (27) . This type of measurement defines an NEP of ∼4.1 × 10 −14 W for the wireless photometer. By comparison, the Newport femtowatt silicon photoreceiver alone (model no. 2151) used in certain commercial fiber photometry systems exhibits a NEP of ∼1.9 × 10 −14 W at 527 nm (calculated from online technical specification). The overall NEP value for the fiber photometry system will be similar to the NEP for the photoreceiver due to other noise and loss, such as a low transfer efficiency in fluorescence throughput to detector from fiber tip (∼20% in one reported case for fiber bundles) (4) . The SNR of the wireless probe to 527-nm green light is 92.6 under a 5.8 × 10 −2 mW/cm 2 light power. The probing volumes associated with wireless and fiber photometers are different due to distinct patterns of optical excitation and modes for collection of fluorescent light. Fig. 2J shows comparisons based on measurements obtained by placing the photometers in a fluorescent solution with 5 μM CaCl 2 and 0.3 μM Oregon Green 488 BAPTA-2 calcium indicator (emission maximum at 505 nm when excited at 488 nm; SI Appendix, Fig. S15A ). The fiber exhibits a conical illumination pattern with a low divergence angle centered at the tip of the fiber, relevant to the adjacent volume, from which fluorescence is also collected. The wireless injectable system involves a divergent illumination pattern normal to the surface of the μ-ILED and lateral to the long axis of the probe. A fraction of this illuminated volume generates fluorescence capable of capture by the μ-IPD. Optical simulation of the two systems in brain tissues using GCaMP6 as calcium indicator and previously reported optical density, absorption coefficient, and scattering coefficient of brain tissues provide insights into the details (28) (29) (30) . The wireless photometry system model consists of an emulated brain tissue superstrate and a PDMS encapsulation for both the μ-ILED and μ-IPD. In these calculations, the μ-ILED exhibits a full emission angle of ∼70°and a numerical aperture (NA) of 0.78, while the fiber photometry system (diameter 400 μm) shows an emission angle of 42°and an NA of 0.48. The penetration depths for blue light (defined as the depth where the emission power from the light source decreases to 1% of initial value) are 360 and 500 μm for the wireless and fiber photometers, respectively ( Fig. 2K and SI Appendix, Fig. S16A ). The latter value is comparable to that of a previous report (31) . The illumination volumes (defined as the volume where the emitted power is >1% of initial value) for the μ-ILED and optical fiber are 5.3 × 10 7 and 1.2 × 10 8 μm
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, respectively. The difference mainly results from the increased dimensions of the optical fiber (400-μm core diameter) in comparison with the dimensions of μ-ILED (220 × 270 × 50 μm). In addition to the sizes and optical characteristics of the μ-IPD and μ-ILED, their spatial proximity influences this quantity. For the probes reported here, the main measurement volume lies above the interface between the μ-ILED and μ-IPD due to the overlap between the fluorescence emission volume and acceptance angle of the μ-IPD (Fig. 2L) . The ability to adjust this shape and size of this volume through engineering design of the layout can be used to tune the performance of the system. The fiber photometry system stimulates and collects fluorescence in volumes located directly at the fiber end face, without similar flexibility in design. Details of the optical simulation appear in SI Appendix, Note S1. SI Appendix, Table S1 provides a systematic comparison of different parameters between the wireless and fiber photometry systems.
Wireless Photometry Devices Improve Natural Behavior in Chronically Implanted, Freely Moving Animals. For in vivo application, the injectable wireless probe can be chronically implanted into the rodent brain to monitor calcium transient activity in any brain region expressing a dynamic fluorescent protein, such as a GECI. The detachable nature of the wireless transponder reduces the effect of the weight of the wireless photometry system on the mice (Fig. 3A) during periods when recording is not necessary. Mice with the integrated photometry system implanted into the BLA (i.e., chronically implanted device and attachable transponder) socially interact with novel conspecifics in an unfamiliar environment more frequently compared with mice implanted with a photometry-based fiber optic and tethered by a connecting cable identical to that used for recording (Fig. 3 B-C, and D) . Additionally, wireless photometer-implanted mice travel more distance during an open field test (OFT) (Fig. 3 E and F and SI  Appendix, Fig. S17B ) and spend more time in the center zone of the apparatus compared with mice implanted with traditional fiber optic (Fig. 3G) . Chronic implantation of either device, however, without the attachable transponder or tethering, does not alter motor coordination in the rotarod test (SI Appendix, Fig. S17 C and D) . These results indicate that the use of a wireless photometry system allows animals to generally move more freely and lowers anxiety-like behavior during the OFT compared with a fiber-optic system, which would be an advantage when recording neural activity during naturalistic, ethologically relevant behaviors.
Additionally, immunohistochemical analysis reveals that the implantable wireless photometry probe requires a smaller crosssectional area to emit light into the BLA (Fig. 3 H and I and SI Appendix, Fig. S17 E and H) . Furthermore, the wireless photometry probe lesions significantly less brain tissue and has a similar immunoreactive glial response compared with fiber-optic probes after 4 wk since deep brain implantation (Fig. 3 J-L) , indicative of normal immunoglial responses.
Wireless Monitoring of Calcium Transient Activity in the BLA During
Aversive and Pharmacological Stimuli. Monitoring and recording calcium transients in the BLA of mice expressing a virally mediated genetically encoded calcium indicator (AAV5-CaMKIIGCaMP6f) provides proof-of-concept evidence to evaluate the general utility of the wireless photometry system (Fig. 4A) . Calcium transients as measured by a GECI are strongly correlated with neuronal activity dynamics, as recently reported (32, 33) . The BLA is an important hub for processing emotional information and is especially responsive in rodents during negative affective states, such as fear and anxiety-like states, that are brought about by stressors (34) (35) (36) . Following implantation of either the fiber or wireless systems, we record calcium transients in excitatory BLA neurons in vivo during salient behavioral perturbations, with one active recording session for each mouse. Recordings from multiple animals in an identical experimental scenario serve as the basis for comparisons. Simultaneous recordings from a single animal using both fiber and wireless devices is not possible due to the small size of the BLA region. The optical powers for stimulation from the μ-ILED (240 μW) and fiber tip are comparable to ensure fair comparison between the two systems. The low optical power minimizes photobleaching of GCaMP6 (7, 18) . Fig. 4A shows a mouse with a wireless device recording calcium transients in CaMKII-expressing BLA neurons during an aversive, unpredictable foot-shock test. The SNR for each recording system is calculated as the peak dF/F divided by SD of baseline signal (Fig. 4B) , which does not show significant difference. Both fiber photometry (Fig. 4 C and D) and wireless photometry (Fig. 4 E and F) systems detect increases in fluorescence within the BLA after shock administration, indicative of a shock-induced increase in BLA neuronal activity. From the heatmap in Fig. 4 D and F , it is clear that some mice show immediate responses to the foot shock, while others have some delays in the recorded calcium transients for both systems. Additionally, both groups show significantly increased frequency of calcium "spike events" (events per minute) in the 25 s following shock delivery compared with the baseline recording (Fig. 4G ).
To further demonstrate the utility of the wireless photometry devices to reliably detect calcium transient activity changes following pharmacological manipulation, we investigate the BLA network dynamics, following stimulation of a receptor known to be expressed on CaMK2+ neurons within the BLA. The β-adrenergic receptor system in the amygdala has been demonstrated to be an integral part of negative affective processing through its ability to modulate anxiety and fear responses in both rodents and humans (35) (36) (37) (38) . Therefore, understanding how this receptor system modulates the network activity of amygdalar neurons helps to further elucidate discrete information about negative affective processing. Here, we use both the wireless photometry and traditional fiber-optic systems to examine neural activity in the BLA during activation of β-adrenergic receptors. Administration of isoproterenol (4 mg/kg, i.p.), a selective β-adrenoreceptor agonist, increases the frequency of fluorescence signal events per minute in the BLA in both fiber and wireless photometry systems (Fig. 4 H and I) . The observation of events per minute in both systems is not meant as a direct comparison; rather, it demonstrates the sensitivity of signal detection of both fiber and wireless photodetector-based systems. Isoproterenol administration significantly increases the incidence of calcium transient events compared with baseline and saline controls in both systems (Fig. 4J) . These results suggest that the wireless photometry system is highly biocompatible and efficiently collects fluorescence dynamics in freely moving animals during behavior. ) for signals recorded from fiber photometry system (light green) and wireless system (dark green). Signal has a significantly higher Δevents per min for ISO injection in both systems [n = 14, unpaired t test, t (14) = 4.973, P = 0.0002 for fiber photometry system; n = 12, unpaired t test, t (12) = 5.915, P < 0.0001 for wireless photometry system].
for fiber photometry, these systems are small and compact, with significantly reduced requirements in supporting equipment. The cost of wireless photometry technology is significantly lower than fiber photometry. The overall cost of the wireless photometry system, including an injectable probe, a transponder, a receiver station, and fabrication, is less than $100 [US dollars (USD)] (SI Appendix, Table S2 ), while the cost for a fiber photometry system is more than $20,000 (USD) (based on the system used in this work). The essential advances follow from the concept of ultraminiaturized, implantable optoelectronic technologies; the result provides minimal interruption in natural behaviors and a highly sensitive platform for stable recording of calcium transients in untethered animal models.
The capability for wireless monitoring of cell-type-specific population activity provides advantages over fiber photometry techniques. Possibilities include recording of neuronal activity dynamics during complex behaviors such as those demonstrated in this study and in arenas that would otherwise not allow for neural recordings. During complex behaviors involving multiple animals within a single behavioral session, such as social interaction, sexual behavior, or aggression, fiber photometry presents limitations due to tethers and subjects interacting with the tethers (Movies S1 and S2). The simplicity of the wireless system allows recording of signals from two animals simultaneously without tethers. In addition, the simplicity of the wireless system allows compatibility with behavioral setups that include complex parts (e.g., enriched environment, operant conditioning box, active/passive avoidance, or shuttle box system) and mitigates potential conflicts that may occur between fiber photometry hardware and hardware from sound-attenuated boxes or other wired manipulations (self-administration via catheter injections).
Importantly, the wireless system prevents hindrance of ethologically relevant, naturalistic behaviors in mice that can occur when using a tethered fiber photometry system, thereby reducing confounding effects in acquisition and interpretation of behavioral and neural activity data. Tethered fibers can induce discomfort in the mice and cause behavioral or physiological stress, as well as limit activity during otherwise normal behaviors. The miniaturized designs and low bending stiffness of the injectable probes reduce brain tissue lesioning compared with previously developed in vivo recording methods with chronic deep-brain implantations. In addition, the devices for this technique use straightforward fabrication steps (>90% yields are typical). More than 70% of the implanted wireless photometry probes successfully record Ca 2+ transient activities inside the brain 6 wk after implantation. Collectively, these and other attractive features of the wireless photometry system introduced here suggest its utility for a wide range of behavioral paradigms and its ready dissemination into the neuroscience research community. Possibilities for extended functional options will follow from integration of multiple μ-ILEDs or fluidic channels on the injectable probe needle to enable wireless optogenetic manipulation (16) or drug delivery (39), along with optical recording. For example, the addition of a red μ-ILED would enable simultaneously optogenetic stimulation with red-shifted channelrhodopsins (40) and Ca 2+ recording with GCaMP6 from dopaminergic neurons in the ventral tegmental area (VTA), allowing manipulating the response of optogenetic stimulation to match naturalistic VTA dopaminergic reward response. Optical Simulations. Details of optical simulations appear in SI Appendix, Note S1.
Materials and Methods
Fiber Photometry System. A 470-nm LED operating at 211 Hz served as the light source for fiber photometry system. The light passed through a green fluorescent protein (GFP) excitation filter, coupled to a high-NA (0.48), largecore (400 μm) optical fiber patch cord, and a 0.48-NA, 400-μm fiber-optic implant in each mouse. The optical fiber first collected GCaMP6f fluorescence, which then passed through a GFP emission filter and focused onto a photoreceiver (Newport 2151; Doric Lenses Inc.). Software running on a realtime signal processor (Synapse, RZ5P; Tucker Davis Tech.) controlled the LED and demodulated the incoming signal.
Experimental Animals. All experiments used adult male WT C57BL/6 mice (9-12 wk old at start of experiments). Mice (25-35 g at the start of testing) were maintained on a 12-h light/dark cycle (lights on at 7:00 AM) and given access to food and water ad libitum. Mice were group-housed (three to five per cage) before wireless or fiber photometry probe implantation, after which mice were individually housed. Mice were held in a climatecontrolled facility adjacent to the rooms for behavioral tests. All procedures agree with the National Institutes of Health standards and were approved by the Animal Care and Use Committee of Washington University in Saint Louis.
Stereotaxic Surgery. Mice were anesthetized in an induction chamber (4% isoflurane) and then placed in a stereotaxic frame where they were maintained at 1-2% isoflurane. Incisions were made to expose the skull, and three burr holes were drilled both above the viral injection site and for the placement of two anchor screws. Mice were injected with AAVDJ-CaMKIIα-GCaMP6f (1.31 × 10 13 viral genomes/mL; UPENN; diluted to 1:3) into the BLA [anteriorposterior (AP), −1.9; medial-lateral (ML), +3.2; dorsal-ventral (DV), −4.6].
Allowing for viral expression to incur, 1-2 wk after injection, mice were then implanted with either the wireless or fiber photometry probes in the BLA (wireless probe: AP, −1.6; ML, +3.35; DV, −5.6; and fiber probe: AP, −1.6; ML, +3; DV, −4.6). The device was then slowly lowered into the BLA with a stable stereotaxic holder. Photometry probes and anchor screws were then affixed to the skull by using both super glue and dental cement. SI Appendix, Fig. S19 shows the images of the surgery. Mice recovered for at least 1 wk before any testing.
Immunohistochemistry. Immunohistochemistry was performed as described by Siuda et al. and Jeong et al. (36, 39) . Mice were given a lethal dose of pentobarbital sodium and intracardially perfused with 4% paraformaldehyde in PBS. Brains were dissected, postfixed for 24 h at 4°C, and cryoprotected with a solution of 30% sucrose in 0.1 M phosphate buffer (pH 7.4) at 4°C for at least 24 h. Brains were then cut into 30-μm sections. Thirty-micrometer brain sections were washed two or three times in PBS and blocked in blocking buffer (PBS containing 0.5% Triton X-100 and 5% normal goat serum) for 1 h. Sections were then incubated for ∼16 h at 4°C in blocking buffer containing guinea pig anti-GFAP (1:500) and rabbit anti-Iba1 (1:300). Following incubation, sections were washed three times in PBS and then incubated for 2 h at room temperature in blocking buffer containing Alexa Fluor 633 goat anti-rabbit IgG (1:1,000), Alexa Fluor 546 goat anti-guinea pig IgG (1:1,000), and Neurotrace 435/455 Blue Fluorescent Nissl stain (1:400). Following the secondary antibody, sections were washed three times in PBS followed by three washes in phosphate buffer and then mounted on glass slides with hardset Vectashield (Vector Labs; SI Appendix, Table S3 ). All sections were imaged on a confocal microscope. Gain, exposure time, and z-stack size remained constant throughout each experiment. All images were processed with the same settings by using Fiji ImageJ.
Immuno-Glial Response in Implanted Tissues. C57BL/6J mice (n = 3 per group) were implanted with fiber or wireless photometry probes into the BLA and allowed to recover for 4 wk before perfusion. Immunohistochemistry was performed as described above.
Behavioral Experiments. All behavioral experiments were performed during the light phase (7:00 AM-7:00 PM) in sound-attenuated rooms maintained at 23°C. For fiber photometry, a fiber-optic patch cord (400 μm, 0.48 NA; Doric Lenses Inc.) was connected to the implanted optical fiber (400 μm, MF2.5; Doric Lenses Inc.) during testing. For wireless photometry, the transponder was connected to the wireless probes before the testing. Mice were handled days before behavioral tests to acclimate the subjects to the experimenter and reduce the stress response. Fiber photometry mice were habituated to the fiber photometry tethering for 3 d before behavioral tests in a home cage. Immediately before all rodent tests, animals were habituated in the behavior testing room for at least 30 min. Animals undergoing neural recording experiments were killed, and fiber-optic or wireless photometry probe placements in the brain were checked. Animals with placements of the probe outside of the region of interest were excluded from analysis.
Foot-Shock Tests. Mice received foot shocks in chambers that are typically used for fear conditioning. The chambers (30 cm wide, 24 cm deep, and 22 cm high; Med Associates) consisted of a rectangular arena with floors made of stainless steel rods (2 mm diameter, spaced 5 mm apart) and walls of aluminum and acrylic. Mice were placed in the foot-shock chamber, habituated for 2 min, and given five electrical foot shocks (0.7 mA, 1 s) signaled from a shock generator (ENV-410B; Med Associates) every 2 min. The chamber was cleaned with 70% ethanol between runs. Baseline photometric recordings were taken during the two first minutes of habituation and every 2 min in between foot shock therein.
Beta-Adrenergic Receptor Agonist Stimulated BLA Calcium Transient Detection. Mice were hooked up to the photometry systems (wireless or fiber) and allowed to acclimate with the devices for 5-10 min in their home cage. Baseline recordings of 10 min were taken before drug administration. Mice were then administered isoproteronol (4 mg/kg, i.p.; Sigma Aldrich), a selective β-adrenoreceptor agonist. Immediately after injection, mice were placed back in their home cage. Mice stayed in their home cage for neural activity recordings for 50 min after drug injection. The data of each mouse were normalized with its own baseline. Mice injected with saline and fiber-based photometry systems served as references for comparison. The event detection method used was identical to the foot-shock test. All mice were pseudorandomly assigned by the experimenter to either drug or vehicle treatments in a counterbalanced fashion within each cage and day of experiment. One week later, the same mice were tested in the opposing condition to assess the data in both within-and betweensubjects manners.
OFT. OFT was performed in a 2,500-cm 2 square arena. Lighting was measured and stabilized at ∼400 lx. The arena was cleaned with 70% ethanol between testing trials. Fiber photometry mice were habituated to the fiber photometry tethering for 3 d before behavioral tests in a home cage. Wirelessimplanted mice were similarly handled for a few days before testing. For testing, C57Bl6 mice either implanted with fiber or wireless photometry probes (n = 8 or 9 per group) were placed in the center of the open field and allowed to roam freely for 20 min. Movements were video-recorded and analyzed by using Ethovision 11. The center was defined as a square comprising 50% of the total area of the OFT. Time in the center was the primary measure of anxiety-like behaviors. All animals were pseudorandomly assigned to position in the behavioral cohort by the experimenter. However, the experimenter was not blind to treatment due to the visible device. Computerized analysis allowed for blind analysis.
Rotarod Assay. An accelerating rotarod (Ugo Basile) was used to assess motor coordination of C57Bl6 mice implanted with either fiber or wireless photometry probes (n = 5 per group) received two training sessions separated by 1 h. The first training session consisted of two trials of 120 s spent walking on the rotarod at a fixed speed of 4 rpm. The second training session consisted of one trial of 120 s at 4 rpm. All mice completed the first training session without falling in five attempts or less. All mice completed the second training session in two attempts or less without a fall. One hour after the second training session, latency to fall as the rotarod accelerated from 4 to 40 rpm over 5 min was assessed. Five consecutive acceleration trials were performed, with 10 min between each trial. All animals were pseudorandomly assigned to position in behavioral cohort by the experimenter. However, the experimenter was not blind to treatment due to the visible device. Computerized analysis allowed for blind analysis.
Social Interaction Assay. Social interaction was performed in a 27-cm 2 chamber. C57Bl6 mice implanted with either fiber or wireless photometry probes (n = 8 or 9 per group) could explore freely for 5 min (habituation). A naive, novel age-, strain-, and weight-matched conspecific was then introduced to the chamber and allowed to explore freely for an additional 5 min (test session). All behaviors were recorded by using Ethovision 11 and manually scored and analyzed by a blind experimenter using behavioral analysis software (JWatcher). The overall score of social interaction included behaviors such as head, body, and anogenital sniffing, and direct contact.
Data Collection and Statistical Analysis. A 470-nm LED was modulated at 211 Hz and passed through a 470-nm bandpass filter. The fiber fluorescence signal was collected with an acquisition rate 1,017 Hz as the amplified photovoltage from the photoreceiver via Synapse software (TDT), "locked in," and demodulated by using the software's fiber photometry gizmo. Excitation light at 470 nm passed through a fluorescence mini cube (Doric Lenses). The fluorescence emitted by the GCaMP6f was detected in the 528-to 556-nm window of the device, which was then delivered through the TDT RZ5P Processor for data acquisition. Acquired data files were then extracted by using Matlab and downsampled to match the rate of the wireless device. In some recording sessions, there was a signal decay observed after the pharmacological injection. To address this in a general way, we used a Butterworth digital high-pass (0.1 Hz) filter to collect the baseline. After the baseline correction, the signal was transferred into ΔF/F 0 by ΔF=F 0 = FðtÞ − Fð0Þ Fð0Þ
Change of frequency was calculated by:
Δevents minute = events minute post injection -events minute baseline [2] The SNR was calculated by: SNR = maxðpeaksÞ s.d.ðbaselineÞ [3] The threshold was set up as the median absolute deviation (MAD) of the baseline, and all of the local maximum values >5 × MAD were defined as neuronal activity events. All negative events were discarded.
Data were expressed as means ± SEM. Data were normally distributed, and differences between groups were determined by using independent t tests or one-or two-way ANOVA followed by post hoc Bonferroni comparisons if the main effect was significant at P < 0.05. Paired t tests were used in withinsubject design experiments. Prism (Version 7.0; GraphPad), Matlab (Version R2015a), and Python (Version 2.7) were used for all data analysis, computation, and statistical comparisons. For all behavioral studies during neural recording, 7-10 animals for each photometry probe were chosen since a sample size of 8 in each group would have 99% power to detect this difference in means, assuming a SD of 0.75 using a two-group t test with a 0.05 two-sided significance level. Column statistics were used to determine a normal distribution between the groups, and D'Agostino and Pearson omnibus normality tests were used to determine if our subject number was sufficient. Furthermore, we used a within-subjects design to appropriately compare neural activity during vehicle or treatment.
Code Availability. Code used for operation and analysis in this study is freely available on GitHub (https://github.com/PhilippGutruf/Wireless-implantableoptoelectronic-photometers-for-monitoring-neuronal-dynamics-in-the-deep-brain).
